Abstract. The current status of the beam-driven plasma wakefield accelerators is reviewed.
INTRODUCTION
Plasma Wakefield Acceleration (PWFA) 1 is one of the most vigorously pursued advanced acceleration scheme at this time. In this scheme the high-gradient wakefield is driven by an intense, high-energy charged particle beam as it passes through the plasma. In the case of an electron beam the space-charge of the bunch blows out the plasma electrons which rush back in and overshoot setting up a plasma oscillation (See Fig. 1) . A second, appropriately phased accelerating beam, containing fewer particles than the drive beam, can now be accelerated by the wake. Both electron and positron beams can be used to drive plasma wakes. In the case of a positron beam the plasma electrons are "pulled in" instead of being expelled as in the case of an electron beam driver. The PWFA scheme is very attractive because of its potential to double the beam energy of a high energy accelerator beam in a single stage of acceleration that is only tens of meters long using existing state-of-the-art driver beams. 
PWFA WORK AT MODEST ENERGIES
Experimental research on PWFA has been going on at Argonne National Lab, 2 Fermi National Lab, 3 KEK (Japan) 4 and more recently at Brookhaven National Laboratory. 5 Using relatively low energy drive beams, researchers at these facilities were able to demonstrate proof-of-principle PWFA. The first demonstration of the excitation of a wakefield by a relativistic beam was at Argonne National Laboratory in 1987 by University of Wisconsin group. 2 The change in energy of a witness beam with a variable delay was used to map the wakefield induced by the drive beam. The peak acceleration gradient was just 1.6 MeV/m, however the experiment clearly showed the wakefield persisting for several plasma wavelengths. In a follow-on experiment at ANL the wakefield was more carefully mapped out. The energy change of the centroid of the witness beam was increased from ±50 keV to ±150 keV and the nonlinear steepening of the wake was clearly observed for both the longitudinal and the transverse components of the wake. 6 Both of these experiment were in the linear regime where the beam density was typically less than the plasma density.
These experiments were followed by at ANL by first experiments in the plasma blowout regime, i.e., n b > n p . By time resolving the beam spot size at the end of the plasma column using a streak camera, the beam core was shown to be guided over 12 b* in this experiment. 7 The guiding was attributed to the focusing force provided by the ion channel. In 1999, the ANL wakefield facility produced again a drive and a witness beam capability and the wakefield acceleration experiment was repeated this time in the blowout regime with n b ~ 2.5 n p . Consequently, the average acceleration gradients were increased to 25 MV/m over 12 cm of 10 13 cm -3 plasma. The acceleration gradient was limited by the ~200 ps long drive beam pulse. 8 More recently at Fermilab's AO facility a magnetic chicane was used to compress the electron beam to a few picoseconds. Now the acceleration and deceleration gradients dramatically increased to ~150 MeV/m and some particles of the 15 MeV beam lost nearly all their initially to the plasma wake. 9 Another important PWFA experiment was recently carried out at Brookhaven's ATF facililty. Here an initial 60 MeV, 3 ps (FWHM) beam was propagated through a 10 17 cm -3 plasma formed in a capillary discharge. The output beam was imaged and energy resolved using an imaging spectrometer. From the transverse size of the beam in the dispersion plane, the variation of the focusing field of the wake was mapped out. As expected the focusing field was shown to be 90 degrees out of phase with the accelerating field. 10 Where are the PWFA experiment with modest energy headed? Rosenzweig et al. from the UCLA group are working towards producing shaped drive bunches for increasing the transformer ratio of the wakefield. 11 Another idea being pursued by this group is the socalled "transition-trapping injection" where a sudden density transition from high to low density in a distance less than the collisionless skin depth leads to trapping of plasma electrons into the wake on the lower density side of the transition. Under certain conditions the self-trapped electrons can have an extremely narrow energy spread and a small emittance.
Finally at the ATF, a user group from USC has proposed to resonantly excite a wakefield using electrons prebunched on a 10 µm scale by an IFEL prebuncher. 13 By sending a train of such microbunched pulses into a 10 19 cm -3 plasma, they hope to excite a sizable wakefield. A few percent detuning between the drive and the wakefield frequency is sufficient for the later bunches to extract energy from the wake built-up by the earlier bunches.
PWFA WORK AT ULTRA-RELATIVISTIC ENERGIES
In contrast to the modest beam energy experiments described above, a collaboration of scientists from SLAC, USC and UCLA are systematically addressing the relevant physics issues in PWFA in order to realize a prototype of a meter-scale, high-gradient plasma wakefield acceleration stage.
14 In a series of experiments at the Final Focus Test Beam (FFTB) that use the 28.5 GeV electron and positron drive beams from the Stanford Linear Accelerator Center, these researchers have quantitatively elucidated basic beam physics phenomena that determine the transport of such beams through a meter-scale column of plasma and energy loss/gain, to/from the plasma wakefield. We shall discuss some of the results from their experiments.
BEAM TRANSPORT THROUGH METER-SCALE PLASMA COLUMNS
In this series of experiments (SLAC experiments E157, E162, E164 and 164X) the drive beam density typically exceeds the plasma density. Therefore, as the electron beam enters the plasma, the head of the beam blows out all the plasma electrons and produces a pure ion column. The ion column in turn exerts a significant focusing force on the bulk of the beam causing its transverse spot size to oscillate as the beam propagates through the plasma. 15 If a "matched " beam is injected into the plasma, i.e., if the emittance-driven beam expansion is exactly compensated by the ion column focusing force, the beam propagates without transverse size variations along the plasma. Both of these effects were clearly observable in SLAC experiments. 16 When the beam was viewed on a screen placed approximately 1 meter downstream from the plasma the spot size of an unmatched beam oscillated as the plasma density was increased (see Fig. 2(a) ). In addition to these "betatron" oscillations, the center of mass of the beam can oscillate about its equilibrium position at exactly half of this frequency if the beam has a finite head-to-tail tilt. 17 Such beam tilts are produced by self-wakefield effects in the linac itself. These oscillations were also observable in the experiments (see Fig. 2(b) ). As individual beam particles oscillate they emit synchrotron radiation. At a plasma density of ~ 10 14 electrons cm -3 , the synchrotron radiation is emitted in a relatively narrow cone of angles in the forward direction with -photon energies of ~ 10 KeV.
18 (see Fig. 3 ). At plasma densities greater than 10 16 e -cm -3 significant number of photons are expected to be emitted with energies greater than 10 MeV, well above the positron production threshold. In the case of a positron beam the plasma wakefield is more coherent (and therefore the acceleration is enhanced) if the drive beam is propagated in a plasma channel. A plasma channel has either no, or a very low density plasma inside the channel up to a few beam radii. Such meter long, weakly ionized plasma channels were created using photoionized plasmas. 19 The channel was shown to retain its radial density depression for several hundred nanoseconds because plasma diffusion was strongly inhibited by electron-neutral collisions. The positron beam was shown to propagate more stably through such a channel compared to its propagation through a uniform plasma.
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ENERGY EXCHANGE BETWEEN BEAM PARTICLES AND WAKEFIELDS
As the drive beam expels the plasma electron it does work, and thus must lose energy. However, if the drive beam is sufficiently long, or the plasma density sufficiently high, the bulk of the particles lose energy while particles in the back of the beam can actually be accelerated as the expelled plasma electrons rush in and the longitudinal wakefield changes sign.
In the initial experiments performed at SLAC both the electron and positron drive bunches were approximately 4 ps long with a peak current of about 1kA. When such electron bunches were passed through a 1.4 m long lithium plasma of density 1
.5 x 10 14 cm -3 , the center slice of the Gaussian beam was seen to lose ~ 150 MeV energy while particles in the back of the beam gained ~ 250 MeV. For plasma waves that are not too large a plasma wakefield accelerates positrons in much the same way as it does electrons except, of course, that the positrons are carried along on the opposite phase of the plasma wave. For strongly driven plasma waves, however the wakes produced by an otherwise identical positron beam tend to be somewhat smaller than those produced by an electron beam because of phase-mixing of plasma electrons that are pulled in from different radii by the positron beam. For plasma waves that are not too large a plasma wakefield accelerates positrons in much the same way as it does electrons except, of course, that the positrons are carried along on the opposite phase of the plasma wave. For strongly driven plasma waves, however the wakes produced by an otherwise identical positron beam tend to be somewhat smaller than those produced by an electron beam because of phase-mixing of plasma electrons that are pulled in from different radii by the positron beam. What is the state-of-the-art for research? Encouraged by the qualitative and quantitative agreement between the predicted and observed transverse and longitudinal effects in beam-driven PWFA experiments thus far, the SLAC experiments are concentrating on the demonstration of even higher acceleration gradients and therefore energy gains for a given length of the plasma. It turns out that if the plasma density is optimized the plasma wakefields scale as the inverse of the square of the drive bunch length. Simulations show that while a 700 mm bunch produces a peak gradient of 250 MeV/m, a 35 m m bunch increases this gradient dramatically to 100 GeV/m, comparable to what has been observed in laser-plasma acceleration experiments at similar plasma densities.
Fortunately, it is now possible to test out such scaling. The Sub Picosecond Pulse Source (SPPS) at SLAC is able to deliver electron bunches as short as 20 mm at the interaction point of the PWFA experiment. The transverse electric fields of such short bunches are large enough to field ionize the gas at the beam focus to produce a 100% ionized, perfectly homogeneous plasma. The importance of field-ionization in producing a plasma in the context of PWFA was recognized by D. Bruhwiler at the AAC 2002 Workshop. 21 First two runs using sub 50 mm electron bunches have confirmed that the front of an ultrashort beam can indeed produce long, dense plasmas and have yielded extremely impressive results with energy loss and gain in the 2-4 GeV range in a plasma that is only 10 cm long. 22 Furthermore, at the highest energy gain and/or the highest plasma densities there appears to be a sudden onset of self-trapped particles. The origin of these self-trapped electrons or their energy distribution is not presently diagnosed however they could originate from sudden onset of Li 2+ ionization at a point where the drive beam pinches down to a few microns in radius or from the ionization of He at the downstream end of the Lithium column where a gradual transition between Li to He takes place. The former would indicate a "dark-currrent" limit of ~ 40 GeV/m if Li is used for plasma production whereas the latter possibility represents a new type of "transition-trapping" acceleration.
FUTURE DIRECTIONS
In Fig. 5 we show the tremendous progress made in the plasma acceleration field in the last ten years. The energy gain in the current SLAC experiments is limited by the finite aperture of the FFTB beam transport line/spectrometer. We believe that if this were not the limitation energy gains of 10 GeV are entirely possible without significant changes to the current experiment. To go to even greater energy gains, one needs to demonstrate that beam head erosion is not a limiting problem or is an issue that can be managed (perhaps by inserting the Li vapor column in a guiding magnetic field). Once this is done it is entirely possible to double the energy of the SLAC beam from nominally 30 GeV to 60 GeV in just a meter. There are other important issues such as a quasimonoenergetic acceleration, beam loading, high-gradient-positron acceleration, control of transverse instability, etc. that need to be explored. The PWFA field is rich with new physics where possibilities to discover new phenomena are limited only by ones imagination. 
